Human immunodeficiency virus type 1 (HIV) infection and antiretroviral therapy (ART) have long been associated with abnormalities in adipose tissue distribution and metabolism. More-recent evidence demonstrates that adipocytes and adipose-resident immune cells have a role in the response to HIV. Clinical and laboratory studies indicate that viral proteins and antiretroviral medications alter adipocyte biology to enhance the persistent, systemic inflammatory state characteristic of untreated and treated HIV infection. Relationships between body composition and lymphocyte populations, cellular immune activation, and immune reconstitution in HIV-infected individuals receiving ART suggest that adipose tissue may also affect cellular immune function. This is further supported by in vitro studies demonstrating the effect of adipocytes and adipokines on lymphocyte proliferation, differentiation, and activation. Synthesis of the literature on adipose tissue biology and immune function in uninfected individuals may shed light on major outstanding research questions in the HIV field.
Since the introduction of effective antiretroviral therapy (ART), the prevalence of human immunodeficiency virus (HIV)-associated wasting has declined, while the proportion of overweight and obese HIV-infected individuals has increased [1] . Obese HIV-infected individuals have a greater prevalence of cardiovascular and metabolic diseases, compared with lean patients [2, 3] . Beyond these classic comorbidities, the observations that obese HIV-patients often have greater increases in systemic inflammation and that they possibly have a different pattern of immune reconstitution have increased interest in the interaction of adiposity and HIV immunology.
Adipose tissue represents one of the largest organs in the body and comprises a range of cell types with diverse energy storage, metabolic regulation, neuroendocrine, and immunologic functions. HIV infection and ART cause alterations to adipose tissue distribution and biology, with broad effects on cytokine and hormone expression, lipid storage, and the composition of adipose-resident immune cell populations. The resultant changes appear to have important consequences for basal systemic inflammation and the adaptive immune response-2 aspects of immunology with direct relevance to HIV infection. In this review, we synthesize current literature on the role of adipose tissue in innate and cellular immune function (Table 1) , which reveals the multifaceted contribution of adiposity to the body's response to HIV infection and highlights key outstanding research questions in the field.
PART I: ADIPOSE TISSUE PROMOTES A PERSISTENT INFLAMMATORY RESPONSE DURING TREATMENT OF HIV INFECTION

HIV Infection Alters Adipose Tissue Distribution and Metabolic Characteristics
Approximately 50% of HIV-infected individuals receiving long-term ART demonstrate altered adipose tissue distribution, characterized by peripheral lipoatrophy of the limbs, face, and buttocks; lipohypertrophy of the visceral, cervical, and dorsocervical area (ie, the "buffalo hump"); or a combination of these changes [4, 5] . The cause of HIV-associated lipodystrophy is hypothesized to be multifactorial and due to antiretroviral toxicity, direct effects of HIV infection, and dysregulation of lipid metabolism, among other factors [6] . Irrespective of etiology, the resultant differences in adipose tissue metabolic activity are informative for understanding the pathogenesis of this condition. Whole-body positron emission tomography (PET) of 18 F-fluorodeoxyglucose (FDG) uptake by regional fat deposits demonstrates higher metabolic activity in subcutaneous extremity and abdominal adipose tissue deposits of ART treated adults relative to uninfected controls, while uptake in visceral adipose tissue remains normal despite the frequent enlargement of this compartment on ART [7, 8] . Furthermore, FDG uptake in subcutaneous extremity fat is positively correlated with the degree of lipoatrophy, independent of body mass index (BMI; calculated as the weight in kilograms divided by the height in meters squared), indicating an accelerated cellular metabolism in lipoatrophic deposits [8] . Subcutaneous fat biopsy specimens from individuals with HIV-associated lipoatrophy demonstrate reduced mitochondrial DNA (mtDNA) and structural changes characterized by increased fibrosis and apoptosis, heterogeneous mitochondrial mass, and formulation of lipogranulomas, while the adipocytes demonstrate reduced expression of several transcription factors necessary for cellular differentiation and fatty acid uptake but higher tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6) expression [9] [10] [11] [12] [13] . Taken together, these findings indicate a shift to a proinflammatory, profibrotic, and dysregulated metabolic state within the subcutaneous fat tissue of these patients.
The enlargement of the visceral adipose compartment and the hypertrophy of dorsocervical adipose deposits (ie, the "buffalo hump") in ART-treated individuals has been attributed to an "energy excess" state resulting from increased circulating lipids in combination with deficient energy storage in atrophied and fibrotic subcutaneous fat [14, 15] . Studies of dorsocervical fat from HIV-infected individuals have shown less dysregulated adipogenesis and in situ inflammation, compared with other subcutaneous fat deposits, and a unique pattern of glucose uptake and gene expression different from the highly thermogenic, mitochondria-rich brown fat depot characteristically found in this region in uninfected persons [16] . HIV-infected adults with clinically apparent neck fat accumulation demonstrate higher expression of DIO2 (which encodes type II iodothyronine deiodinase, a deiodinase that converts T4 to active T3 and contributes to thermogenesis), characteristic of brown fat, but uncharacteristically low PET-FDG uptake and expression of UCP-1 (the gene that encodes uncoupling protein 1 and is expressed in typical brown adipose tissue, which separates oxidative phosphorylation from adenosine triphosphate synthesis to dissipate energy as heat), suggesting a "whitening" of this ordinarily brown depot [17] .
In addition to visceral and dorsocervical fat enlargement, the accumulation of ectopic adipose tissue in a variety of organs in treated HIV infection may contribute to local inflammation and end-organ disease. HIV-infected men have increased epicardial fat, associated with a higher risk of CVD events, and increased hepatic and muscle fat infiltration, associated with greater insulin resistance, compared with uninfected men with similar cardiovascular and metabolic disease risk profiles [18] [19] [20] .
Adipose Tissue Constitutively Expresses a Range of Proinflammatory Factors
Obesity is a proinflammatory condition in which hypertrophied adipocytes and adipose-resident immune cells (primarily macrophages and, to lesser extent, lymphocytes and neutrophils) contribute to increase the levels of circulating proinflammatory cytokines [21] [22] [23] . Higher adipose tissue mass is primarily due to adipocyte hypertrophy, rather than to hyperplasia, and interval increases in adipocyte size result in disproportionate increases in IL-6 and TNF-α expression [24] [25] [26] ; it is estimated that adipose tissue-derived IL-6 constitutes up to 35% of circulating levels in obese individuals and serves as a major signaling pathway for C-reactive protein (CRP) production [27] .
Immune cell infiltration of adipose tissue accompanies progressive weight gain and contributes to in situ inflammation. Biopsy specimens from obese individuals and animal models contain higher absolute numbers of resident macrophages and proportionally greater polarization toward an M1 proinflammatory phenotype (characterized by high IL-6, TNF-α, and inducible nitric oxide synthase production), higher numbers of CD4 + and CD8 + T cells, but fewer T-regulatory cells [28] [29] [30] [31] [32] [33] .
Additionally, there is increased neutrophil infiltration, which is accompanied by greater in situ inflammation and reduced insulin sensitivity in a murine model and by increased vascular inflammation in humans [34, 35] . Adipocyte hypertrophy is associated with increased production of macrophage chemotactic protein 1 and macrophage inflammatory protein 1α, which promote macrophage infiltration, and with increased production of interleukin 8, which promotes neutrophil chemotaxis [36] [37] [38] . In mice, diet-induced obesity also results in increased macrophage CCR5 expression, accompanied by greater insulin resistance and hepatic lipid content, and a shift toward M1 predominance [39] . Future studies are needed to evaluate whether CCR5 inhibitor treatment (eg, maraviroc) affects macrophage activation or other aspects of adipose tissue biology in obese HIV-infected patients.
Greater Adiposity Is Associated With Increased Systemic Inflammation in Treated HIV Infection
Treated HIV infection may be equivalent to obesity in terms of the level of basal inflammation and the presence of other risk factors for chronic cardiovascular and metabolic diseases. HIV-infected men who are receiving ART and have a normal BMI (ie, <25) have statistically equivalent serum CRP levels, as measured by the high-sensitivity assay (hsCRP; a predictor of cardiovascular events in several studies), IL-6 levels, and TNF-α levels and similar lipid profiles and insulin levels, compared with HIV-uninfected men who are resistant to insulin and obese (defined as a BMI of >30) [40] .
As observed in the general population, serum levels of hsCRP are also higher among HIV-infected adults with greater adiposity [41] [42] [43] [44] . In the Fat Redistribution and Metabolic Change in HIV Infection (FRAM) cohort, each 2-fold increase in visceral adipose tissue mass was associated with a 17% higher hsCRP level, while a similar increase in subcutaneous adipose tissue mass was associated with a 21% higher level [41] . However, the proportional increase in hsCRP level with each doubling of visceral or subcutaneous fat mass in HIV-infected participants was smaller than the change observed in uninfected controls (34% and 61%, respectively). CRP is a terminal product of the inflammation cascade and may be an imprecise measure of circulating cytokine levels earlier in the signaling pathway. For example, there is some evidence that the serum hsCRP level increases after starting treatment with nonnucleoside reverse-transcriptase inhibitors but decreases during treatment with protease inhibitors, and hsCRP levels in HIV-infected patients may also be affected by hepatitis C virus coinfection, statin use, hepatic steatosis, and other factors [41, [45] [46] [47] [48] . Given these and other potential confounders, translational studies of viral protein and antiretroviral agent effects on adipocyte function are useful to understand potential mechanisms underlying the association between adiposity and circulating inflammatory biomarkers in HIV-infected individuals.
HIV Proteins and Some Antiretroviral Agents Disrupt Adipocyte Biology
There are conflicting reports on whether adipocytes express HIV entry receptors, but if entry does occur it appears that adipocytes may produce early, but not late, viral transcripts unless further stimulated via exogenous TNF-α [49, 50] . Irrespective of direct infection, many adipose-resident immune cells (eg, lymphocytes and macrophages) are susceptible to infection, and adipocytes may be persistently exposed to high local levels of viral proteins. The viral protein Vpr, in particular, can enter adipocytes from the extracellular fluid in the absence of direct viral infection and acts as a potent repressor of peroxisome proliferator-activated receptor γ (PPAR-γ). PPAR-γ is a transcriptional regulator of adipogenesis (ie, the differentiation of preadipocytes into adipocytes) and the maintenance of normal lipogenesis, insulin sensitivity, and normal cytokine/adipokine expression [51, 52] . The interaction of viral proteins and adipocyte biology is complex and an area of continuing research; for instance, HIV Tat protein has been shown to impair adipogenesis and increase inflammatory cytokine expression in preadipocytes in vitro, while HIV Tat-interacting protein 60 has been shown to act as an adipogenic, positive regulator of PPAR-γ transcriptional activity [53, 54] . Interestingly, the effects of HIV proteins on adipose tissue appear to be independent of plasma viremia; a recent study found significantly lower PPAR-γ and higher TNF-α, interleukin 18, and β2-microglobulin messenger RNA (mRNA) expression in adipose tissue from long-term nonprogressors (ie, HIV-infected individuals with minimal CD4 + Tlymphocyte loss and low plasma viremia for many years), compared with uninfected controls [55] .
Early studies reported that nucleoside reverse-transcriptase inhibitors (NRTIs) promoted lipoatrophy, whereas protease inhibitors predisposed to visceral lipohypertrophy, but evolving data reveals intraclass variability in these effects and complex synergistic relationships [56-58]. Loss of limb fat, attributed to mtDNA polymerase γ inhibition and impaired respiratory chain efficiency in adipocytes, is more prevalent with older thymidine analogues (stavudine and zidovudine) than with newer agents (lamivudine, abacavir, and tenofovir), and there is evidence that mtDNA haplogroup may influence susceptibility [11, 57, [59] [60] [61] [62] [63] . Adipose tissue samples from lipoatrophic individuals treated with zidovudine or stavudine demonstrate higher macrophage infiltration and proinflammatory cytokine production, both of which increase with treatment duration, compared with samples from lipoatrophic individuals receiving an abacavir-or tenofovir-based regimen [64] . Some adverse NRTI effects on adipose tissue appear reversible; patients receiving a stavudine-or zidovudine-containing regimen with reduced mtDNA cellular content and activity in subcutaneous adipose tissue demonstrated increased mtDNA and mitochondrial gene expression, improved respiratory chain function, and reduced adipocyte apoptosis after switching to a newer NRTI [65, 66] .
Protease inhibitors are implicated in visceral fat accumulation and a combined phenotype of insulin resistance and dyslipidemia, in addition to higher adipocyte oxidative stress, proinflammatory cytokine expression, and apoptosis and reduced adipokine expression and insulin signaling [58, 67-69]. A recent study investigating the in vitro effect of nelfinavir on subcutaneous versus intraabdominal murine preadipocyte cell lines found increased lipolysis and a greater reduction in insulin signaling and leptin secretion in subcutaneous cells, compared with visceral cells, illustrating a possible mechanism for the preferential gain in central adiposity observed with protease inhibitor treatment [70] .
Given the invasive nature of intraabdominal fat biopsies, there are fewer data on visceral adipocytes than on subcutaneous adipocytes from human subjects. In a study of paired subcutaneous and visceral adipose tissue samples from lean HIV-uninfected individuals, in vitro exposure to nelfinavir, lopinavir, or ritonavir, but not atazanavir, resulted in increased lipolysis and release of free fatty acids, decreased glyceroneogenesis (ie, the recycling of free fatty acids into adipocytes), and increased IL-6 and TNF-α secretion in subcutaneous but not visceral tissue [71] . A small study of HIV-infected individuals with lipodystrophy found similar mtDNA content and mRNA expression of TNF-α and markers of macrophage infiltration in both subcutaneous and visceral adipose biopsy specimens but lower mRNA expression of markers of adipogenesis (PPAR-γ, adiponectin, GLUT4, and lipoprotein lipase) in subcutaneous tissue specimens, compared with visceral tissue specimens [72] . These results suggest less derangement of cellular metabolism and storage capacity in visceral adipocytes. Thus, multiple lines of evidence across ART classes reveal differential and unique effects in visceral versus subcutaneous adipose tissue, potentially explaining the range of lipophenotypes during HIV infection.
PART II: ADIPOSE TISSUE AFFECTS LYMPHOCYTE FUNCTION AND MAY ALTER IMMUNE RECONSTITUTION
A Higher BMI Was Associated With Slower HIV Disease Progression in the Pre-ART Era
Studies from the pre-ART era found that a higher BMI was associated with slower disease progression in untreated HIV infection. In a cohort of HIV-infected drug users, 19% of the obese participants exhibited a >25% decline in CD4 + T cell counts after 18 months, compared with 61% of nonobese participants, despite similar starting CD4 + T-cell counts [73] . In a longitudinal study of HIV-infected women, a BMI of ≥30 was associated with a slower progression to a CD4 + T-cell count of <200 cells/µL and a lower risk of an AIDS-defining event or HIVrelated death, while in a similar study each 1-unit decrement in initial BMI was independently associated with a 24% higher risk of progression to AIDS [74, 75] . These results suggest that a high BMI has a protective effect, but it is unclear whether the slower disease progression and lower mortality observed in the pre-ART era were due to adiposity or to related factors, such as fewer secondary infections, fewer micronutrient deficiencies, reduced gut permeability, or the absence of HIV-associated wasting.
Recent Evidence Suggests Obesity Is Associated With Decreased Early Immune Reconstitution
In contrast to data from the pre-ART era that showed a slower decline in CD4 + T-cell counts in heavier patients, recent studies have shown that obesity does not increase CD4 + T-cell count recovery during ART and may actually impair it. An analysis from the US Military HIV Natural History Study found that obesity was associated with a significantly lower adjusted gain in CD4 + Tcell counts after ART, compared with normal-weight patients [76] . A similar analysis of the HIV Outpatient Study cohort, however, found that patients who were overweight or obese had a statistically equivalent increase in CD4 + T-cell count 3-9 months after ART initiation, relative to patients with a normal weight [77] . A more recent cohort study of HIV-infected adults with a high prevalence of obesity found that 12-month increases in CD4 + T-lymphocyte counts after treatment initiation were greatest among those with a pretreatment BMI of 25-30, compared with those with BMIs above or below this range [78] . Among patients with a pretreatment CD4 + T-lymphocyte count of <200 cells/µL, those with a BMI of 25 had the highest odds of reaching a CD4 + T-lymphocyte count of >350 cells/µL at 12 months. These findings indicate that body composition affects peripheral CD4 + T-lymphocyte recovery, but the mechanisms underlying this observation and the reproducibility in other populations are important areas for further study.
Excess Adiposity Is Associated With Changes in Peripheral Immune Cell Populations and Increased Markers of Cellular Immune Activation in HIV-Uninfected Persons
A minimum quantity of adipose tissue appears necessary to maintain normal-range lymphocyte subset counts, but assessing the relationship between adiposity and peripheral T-cell populations in the setting of HIV infection is confounded by CD4 + T-cell depletion, variations in immune recovery during ART, and the effects of cellular immune activation. Thus, studies of HIV-uninfected individuals may be revealing in this area, and a synthesis of this literature suggests a positive relationship between adipose tissue and lymphocyte proliferation, CD4 + T-cell counts, and lymphocyte activation.
In small studies of persons with congenital and acquired lipodystrophy, lymphocyte subsets, including CD4 + T cells, were in the low-normal range, but peripheral blood mononuclear cell TNF-α expression in response to antigen stimulation was significantly reduced, compared with that for normal controls Last, a longitudinal survey of HIV-uninfected women found that being overweight, obese, or morbidly obese was independently associated with higher CD4 + and total lymphocyte counts, compared with being normal weight, while morbid obesity was associated with a higher CD8 + T-cell count [87] .
A recent cross-sectional study of obese, overweight, and normal-weight HIV-uninfected adults found a 3-fold higher expression of the surface activation marker CD25 on CD3 + T cells from obese subjects, compared with nonobese subjects, and the ratio of T-helper 1 (Th1; proinflammatory) to T-helper 2 (Th2; inflammation-repressing) CD4 + T-lymphocytes was also significantly higher in this group [88] . Additionally, BMI was closely associated with the total number of Th1-type CD4 + T cells. Similarly, an analysis of the European CODAM cohort of HIV-uninfected individuals found that greater waist circumference was associated with higher circulating markers of cellular immune activation (neopterin and soluble CD25) [28] . Last, the recent finding that the ratio of mtDNA to nuclear DNA in subcutaneous adipocytes from HIV-infected individuals positively correlates with CD38 and HLA-DR expression on peripheral CD8 + and CD4 + T cells suggests a linkage between cellular immune activation and adipose tissue biology [89] . Taken together, these data suggest that insufficient fat stores may be associated with lower immune cell populations and reduced response to antigen, whereas excess adiposity and the preservation of adipocyte mtDNA content may be associated with increased cellular immune activation.
Obesity Is Characterized by Increased Adipose Tissue T-Cell infiltration
Progressive adipose tissue accumulation is accompanied by increased CD8 + T-cell infiltration and a shift toward a higher ratio of CD8 + T cells to CD4 + T cells. CD8 + T-cell infiltration appears to be a key event preceding the depletion of visceral adipose tissue T-regulatory cells and the increased CD4 + T-cell activation observed in murine models of diet-induced obesity [32, 33] . Increased adipose-resident CD8 + T-cell activation also potentiates adipocyte expression of IL-6 and TNF-α in mice, whereas CD8 + T-cell depletion reverses this effect [33] . Last, T-cell infiltration appears to be an early and necessary step preceding proinflammatory macrophage recruitment into adipose tissue; in murine models, antibody-induced CD8 + T-cell depletion resulted in reduced M1 macrophage infiltration but no change in M2 macrophages [33] . While these findings are intriguing, the relative ease of obtaining surgical biopsy specimens from mice and the higher density of T cells per unit of adipose tissue in rodents contributes to a preponderance of animal data, which may or may not be relevant to human health. Additional studies are needed to determine whether the density and phenotype of adipose-resident T cells differs between HIV-infected and HIV-uninfected individuals and to further characterize the relationship between peripheral CD4
+ and CD8 + T-cell activation and adipose tissue biology in the setting of HIV infection.
Adipose Tissue Hormones Alter Lymphocyte Function and May Alter the Immune Response to HIV
Adipokines are hormones produced by adipocytes, which demonstrate a range of metabolic, neuroendocrine, and immunomodulatory properties (Table 2) . Adiponectin has important insulin-sensitizing effects, and circulating levels decline with increasing adiposity and during HIV infection [90] . Adiponectin also has a potent antiinflammatory effect in vitro by inhibiting macrophage differentiation and production of TNF-α, reducing adipose tissue endothelial adhesion molecule expression, stimulating the production of interleukin 10 and interleukin 1 receptor antagonist, and reducing T-cell proliferation [91-93], all of which would be predicted to be salutary effects for reducing inflammation and immune activation. Leptin, an adipokine encoded by the ob gene and produced roughly in proportion to fat cell mass, was initially characterized as a regulator of appetite via receptors in the hypothalamus but also appears to have a range of local and potentially systemic immune effects [94] [95] [96] • Markedly decreased in visceral obesity and HIV infection • Serum levels inversely correlate with insulin resistance • Inhibits macrophage differentiation and decreases IL-6 and TNF-α production • Increases IL-10 production • Decreases endothelial adhesion molecules • Reduces T-cell proliferation Abbreviations: IL-4, interleukin 4; IL-6, interleukin 6; IL-10, interleukin 10; IL-12, interleukin 12; HIV, human immunodeficiency virus; IFN-γ, interferon γ; Th1, T-helper cell type 1; Th2, T-helper cell type 2; TNF-α, tumor necrosis factor α.
found an increase in total CD4 + and CD8 + T cells, but trials in HIV patients to date have not shown a clear benefit for immune recovery during ART [79] . In a placebo-controlled crossover study of 7 HIV-infected men with ART-associated lipodystrophy, 2 months of r-metHuLeptin did not significantly alter CD4 + T-cell counts (although the mean baseline level was 454 cells/µL) but did result in significantly lower trunk fat and fasting insulin levels, and there was a trend toward lower serum IL-6 levels [107]. A single-arm, dose-escalation trial involving HIVinfected adults receiving ART found no change in CD4 + T-cell counts but decreased visceral adipose tissue volume, insulin resistance, and dyslipidemia, whereas another trial found no effect on lipolysis or fasting lipid kinetics [108, 109] . Metreleptin, a commercial version of r-metHuLeptin, is under evaluation by the Food and Drug Administration and will be important for further in vivo studies of leptin therapy in patients with advanced CD4 + T-cell deficiency or marked visceral adipose hypertrophy.
CONCLUSIONS
The complex alterations in adipose tissue biology and energy storage observed in HIV-infected individuals have been an active research area since early in the epidemic, but adipose tissue may also have important roles in modulating the immune response to HIV infection. As the proportion of overweight and obese HIVinfected individuals continues to rise, understanding the role of adipose tissue in the pathogenesis of immune activation will be critical to optimizing long-term health outcomes.
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